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ABSTRACT
Binary neutron star mergers (BNSMs) is currently the most promising source of r-process thanks
to the detection of GW170817. The estimated occurring frequency and the amount of mass ejected
per merger indicate that BNSMs by itself can account for all the r-process enrichment in the Galaxy.
However, the decreasing trend of [Eu/Fe] vs [Fe/H] of disk stars for [Fe/H]& −1 in the solar neighbor-
hood is inconsistent with the flat trend expected from BNSMs with a standard delay time distribution
(DTD) ∝ t−1. This has led to the suggestion that either additional sources or modification to the
DTD of BNSMs is required to match the observations. We investigate the effects of natal kicks re-
ceived during the birth of neutron star binaries on the chemical evolution of r-process element Eu
in the Milky Way by combining the results from the galactic dynamics code galpy with a one-zone
Galactic chemical evolution model omega. We show that when key inputs from simulations of the
inside-out disk evolution are combined with natal kicks, BNSMs can naturally reproduce the observed
decreasing trend of [Eu/Fe] with [Fe/H] in the solar neighborhood without the need for modification
to the DTD or additional r-process sources.
1. INTRODUCTION
Following the seminal discovery of GW170817 (Ab-
bott et al. 2017b,a), binary neutron star mergers
(BNSMs) have become the first, and presently the
only confirmed site for the synthesis of heavy ele-
ments by the rapid neutron capture process (r-process)
(see Cowan et al. (2019); Metzger (2019) for recent
reviews). The current estimated BNSM rate of 110–
3840 Gpc−3 yr−1 (Abbott et al. 2019) along with the
amount of r-process material ejected per merger of
≈ 0.03–0.06 M (e.g. Drout et al. 2017; Cowperthwaite
et al. 2017; Kasen et al. 2017; Tanaka et al. 2017; Villar
et al. 2017; Kawaguchi et al. 2018; Wanajo 2018; Wu
et al. 2019) is sufficient to explain all of the r-process
enrichment in the Galaxy (Hotokezaka et al. 2018; Coˆte´
et al. 2018; Cowan et al. 2019). However, if BNSMs
are assumed to be the only source of r-process, then
the Galactic evolution of elements such as Eu, that are
primarily produced by r-process, is very different from
projjwal.banerjee@gmail.com
elements that are produced by other sources associated
with massive stars. This is due to the inherent delay
between the birth of a neutron star binary (NSB) and
the eventual merger with a typical delay time distri-
bution (DTD) ∝ t−1, compared to massive stars that
have negligible delay. In particular, with a DTD ∝ t−1
that is expected from population synthesis calculations
(Dominik et al. 2012; Chruslinska et al. 2018; Coˆte´ et al.
2019), [Eu/Fe] remains almost constant for stars with
[Fe/H]& −1 in galactic chemical evolution (GCE) cal-
culations due to the fact that both BNSMs and type
Ia supernovae (SNe Ia) have the same DTD (van de
Voort et al. 2015; Komiya & Shigeyama 2016)1. In
sharp contrast, the observed values of [Eu/Fe] in disk
stars at the solar neighborhood show a clearly decreas-
ing trend with increasing [Fe/H]. (Battistini & Bensby
2016). This was pointed out to be an issue by Coˆte´
1 We note that the decreasing trend of [Eu/Fe] at high metallic-
ity can be reproduced if a fixed delay time for BNSM is adopted.
See, e.g., Argast et al. (2004); Matteucci et al. (2014); Wehmeyer
et al. (2015).
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2et al. (2017a); Hotokezaka et al. (2018) and has been
studied in detail recently by Coˆte´ et al. (2019). Pos-
sible solutions to the problem include a steeper DTD
(∝ t−1.5) or a burst of merger at early times followed by
a typical DTD ∝ t−1 (see also Hotokezaka et al. 2018).
These, however, has been pointed out to be inconsistent
with observations of short gamma ray bursts and SNe Ia
in early-type galaxies (see Coˆte´ et al. 2019 for details).
Alternatively, additional source(s) of r-process can ex-
plain the observed trend provided that their frequency
decrease with metallicity. This source could be an r-
process site associated with the death of massive stars
such as magneto-rotational SNe (Winteler et al. 2012;
Mo¨sta et al. 2018), accretion disk outflow from collap-
sars (Siegel et al. 2019), or supernova explosions associ-
ated with hadron-quark phase-transition (Fischer et al.
2020). Such sources may also be needed to explain the
presence of r-process elements in the very early Galaxy
and the large scatter in their abundances as observed
in very metal-poor stars with [Fe/H]. −2.5 (Argast
et al. 2004; Wehmeyer et al. 2019) but is still under de-
bate (Tsujimoto & Shigeyama 2014; van de Voort et al.
2015; Shen et al. 2015; Hirai et al. 2015).
An interesting feature that distinguishes BNSMs from
other rare r-process sites is that they receive large natal
kicks during the formation of binaries (Fong & Berger
2013; Behroozi et al. 2014) (see, however, Beniamini &
Piran (2016); Tauris et al. (2017)). Consequently, the
final location of mergers can be very different from their
birth location where a certain fraction of NSBs are ef-
fectively lost as they do not contribute to the Galac-
tic enrichment of heavy elements due to the fact that
they merge far away from the star forming regions (Sa-
farzadeh & Coˆte´ 2017). In this paper, we show that
natal kicks has a large impact even for NSBs that do
contribute to the Galactic enrichment of heavy elements.
Specifically, we model two new effects due to natal kicks
on GCE: The effect of kick-induced migration on the
effective BNSM frequency as well as the impact on the
effective DTD. We show that when these effects are com-
bined with the inside-out formation of the Milky Way
(MW) (see e.g. Minchev et al. 2013; Scho¨nrich & McMil-
lan 2017; Frankel et al. 2019), the decreasing trend of
[Eu/Fe] vs [Fe/H] for stars with [Fe/H]& −1 matching
the observation can be naturally obtained with BNSMs
as the only r-process source with a standard DTD ∝ t−1.
2. EFFECTS OF NATAL KICKS
It is known, that due to natal kicks, only a fraction
fret ≤ 1 of the total NSBs born at a certain time interval
contribute to the Galactic enrichment of heavy elements,
whereas the rest merge far from the star forming regions
(Safarzadeh & Coˆte´ 2017). In addition, however, there
are two other important effects caused by natal kicks
that have not been taken into account previously but
turn out to be crucial in modeling the GCE of r-process
elements in the solar neighborhood. The first one is the
kick induced migration of NSBs within the Galactic disk.
Considering a simple model of the MW disk as consisting
of independent concentric rings, one can study the GCE
in the vicinity of a particular radius that is described by
a ring centered at the given radius. For any ring, the
GCE of non-r-process elements, that receive negligible
contribution from BNSMs, depends mostly on the lo-
cal star formation rate (SFR). In contrast, for r-process
elements, their GCE in a given ring depends not only
on the BSNMs that are both born and merge inside the
ring, but also on BNSMs that are born in other rings
that migrate and eventually merge within the consid-
ered ring. In this regard, we define a useful quantity
relevant for GCE calculations, η(R, t), as
η(R, t) =
Nmerge(R, t)
Nborn(R, t)
(1)
where Nborn(R, t) is the number of NSBs born inside the
ring centered at radius R between time t and t+∆t, and
Nmerge(R, t) is the actual number of NSBs born in the
entire disk during the same time interval but eventually
merge within the ring centered at R. If migration due
to natal kicks is neglected, only NSB that is born inside
a ring can merge within that ring such that η is 1 for
all rings. It is important to note that although η(R, t)
effectively alters the birth rate of BNSMs at a time t,
the mergers occur later according to the DTD.
The second important effect of natal kicks is that it
impacts the effective DTD of BNSMs for a given ring.
This is simply due to the fact that NSBs with shorter
merger times tend to be retained and coalesce within the
star forming region of the Galaxy, whereas those with
longer merger times have a higher chance of escaping.
This leads to lower values of average merger times and
thus results in an effective value of βeff(R, t) ≤ β for an
actual DTD ∝ tβ .
As mentioned above, the values of η(R, t) and
βeff(R, t) for a certain vicinity (ring) is influenced by
the birth rate of NSBs born both inside and outside the
ring. Consequently, in order to calculate their values,
it is important to know both the spatial and temporal
evolution of the SFR of the entire disk. We use the
SFR predicted by a detailed chemodynamical simula-
tion based on the inside-out formation of the MW disk
from Minchev et al. (2013). At any given time t, we
generate the radial coordinate of the birth locations Rb
of the NSBs according to a distribution ∝ RΣ(R, t),
3where Σ(R, t) is the surface SFR density adapted from
Minchev et al. (2013), shown in Fig. 1(a). Because the
starting time, t0, from the simulation in Minchev et al.
(2013) is when the bulge is formed, we adopt two dif-
ferent values of t0 = 1 and 2 Gyr. For t < t0, we keep
the radial dependence of the SFR the same as that at
t = t0. The maximum value of Rb for the birth location
of NSBs is limited to 16 kpc. For simplicity, we assume
that all NSBs are born at a vertical height of z = 0.
For each NSB born at a given R and t, we assign a
kick velocity ~vkick whose magnitude is randomly gen-
erated from an exponential distribution ∝ exp(−v/v0),
with v0 = 90 km s
−1 similar to Behroozi et al. (2014),
which is consistent with the kick velocities inferred from
the observed offsets of short gamma-ray bursts by Fong
& Berger (2013). As the latter study inferred a non-
zero value for the lower limit of vkick, we assume a min-
imum value of 10 km s−1. The direction of ~vkick is gen-
erated from a uniform and isotropic distribution. The
randomly sampled ~vkick is then added to the velocity of
the NSB (just before the birth of the second neutron
star), which is assumed to be the circular velocity cor-
responding to its birth radius.
In order to follow the motions of NSBs under the in-
fluence of the Galactic potential until they merge, we
use galpy (Bovy 2015) to trace their orbits. Each
NSB is evolved in time until tmerge, sampled from DTD
∝ t−1 with minimum and maximum values of 10 Myr
and 10 Gyr, respectively. Because galpy only allows
for a static potential, we restrict values of tmerge ≤ 2
Gyr to minimize the effect of disk growth on the mo-
tion of NSB. We use MWPotential2014 in galpy as the
model for the MW potential with the default value of
the circular velocity vc(R = 8 kpc)=220 km s−1 at the
present time. In order to account for the time evolu-
tion of the Galactic potential, we assume that the MW
potential is proportional to the dark matter halo mass.
Thus, for any given t, we simply scale the potential by
changing the value of vc(R) where we use average halo
mass growth curve from Griffen et al. (2016). We adopt
different values for vc(R) ranging from 5–220 km s−1
that correspond to ages of ∼ 300 Myr to the present age
of 13.7 Gyr.
For each vc(R), we simulate the motion of (1− 4)×
104 NSBs according to their birth location, kick veloc-
ity, and DTD distribution described above. A NSB is
considered to contribute to the Galactic enrichment if
it merges within coordinates R ≤ Rmax and |z| ≤ zmax.
We use fixed values of Rmax = 20 kpc and zmax = 5 kpc
to calculate the fraction fret(t) of NSBs retained by the
Galaxy at different times. For η(R, t) and βeff(R, t), we
first focus on the values η(t) and βeff (t) for the solar
ring defined by 7 ≤ R ≤ 9 kpc. The values of η are
calculated using Eq. (1) where only NSBs that merge
within zmax are considered. For β
eff
 , we first compute
the average merger time of BNSMs within the solar ring
that have |z| < zmax. We then use the value of the
average merger time to find the corresponding βeff by
assuming a DTD ∝ tβeff .
Figure 1(b) shows the evolution of fret for the entire
Galaxy as well as η and βeff for the solar ring. At
early times (t . 1 Gyr), fret ranges from 40-50% but
increases to ∼ 90% by t ∼ 4 Gyr. This is similar to
the values obtained by Safarzadeh & Coˆte´ (2017) who
considered purely dark matter halo with NSBs traveling
along the radial direction, and with a different criteria
for deciding whether a BNSM contributes to the Galac-
tic enrichment. The value of βeff is always lower than
the true value of β = −1 as expected. The βeff is more
negative at earlier times due to the higher escape rate
of BNSMs, and approaches −1 at later times.
The evolution of η on the other hand, is noticeably
different from fret and β
eff
 . It peaks at early times at t '
t0 with a value reaching ' 1.8 and decreases with time
for t > t0. This is a direct consequence of the SFR from
Minchev et al. (2013) based on the inside-out formation
of the Galaxy. As can be seen from Fig. 1(a), the surface
SFR is higher at the center but drops sharply with R for
the first ∼ 0.5 Gyr after t0, with a typical scale length
of . 1.5 kpc. Subsequently, the scale length increases to
& 3 kpc within ∼ 2 Gyr of disk evolution. As a result of
the steep drop of SFR with R during the first ∼ 0.5 Gyr
of disk evolution, a substantial number of BNSMs that
were originally born closer to the center of the Galaxy
merge within the solar ring. This can be clearly seen in
Fig. 1(c) that shows the distribution of the birth radii
Rb of BNSMs that merge within the solar ring at two
different stages of the disk evolution. At early stages of
the disk evolution (td . 0.5 Gyr), & 50% of the BNSMs
that merge within the solar ring originated from R ≤ 4
kpc, with the peak of the distribution of Rb at R =
1–3 kpc. As the scale length increases with time, at
td ∼ 4.5 Gyr, only ∼ 5% of BNSMs that originated
from R ≤ 4 kpc contribute to the solar ring and the
peak of the distribution lies within the ring at R = 7–
9 kpc. Because the radial dependence of the SFR stays
constant for t ≤ t0, η decreases slightly with decreasing
values of t as an increasing fraction of NSBs are able to
escape due to the shallower Galactic potential.
An important point to note here is that for a given
distribution of natal kick velocities, only η is uniquely
sensitive to the radial distribution of SFR whereas fret
and βeff are mostly sensitive to the Galactic potential.
To illustrate this, we calculate fret, η, and βeff assum-
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Figure 1. (a) SFR as a function of R from Minchev et al. (2013) at various stages of disk evolution. (b) Evolution of fret, η
and βeff for t0 = 1 and 2 Gyr. (c) Distribution of the birth radius of NSBs that merge within the solar neighborhood (shown in
grey) at two different stages of the disk for t0 = 1 Gyr. The total number of NSBs at each time is normalized to 100. (d) Same
as (b) but using a fixed radial scale length of 3 kpc (no inside-out formation).
ing a surface SFR with a fixed radial scale length Rd = 3
kpc, i.e, Σ ∝ e−R/Rd , throughout the Galactic evolution
and show the results in Fig. 1(d). When compared to
Fig. 1(b), it can be seen clearly that whereas the evo-
lution of fret and β
eff
 remain qualitatively unchanged,
the evolution of η changes dramatically. In this case,
the evolution of η becomes very similar to fret that
increases gradually instead of decreasing with time.
3. IMPACT OF NATAL KICKS ON GCE
CALCULATIONS
In order to study the impact of natal kicks on GCE,
we use the one zone chemical evolution code omega
(Coˆte´ et al. 2016, 2017b) to model the solar ring cen-
tered at R = 8 kpc with a thickness of 2 kpc, and take
the closed box approximation for simplicity. The code
tracks the contributions from low and intermediate mass
stars taken from Karakas (2010) as well as massive stars
taken from Kobayashi et al. (2006), where 50% of stars
from 20–40M are assumed to explode as hypernovae.
SNe Ia yields are taken from Iwamoto et al. (1999) with
a DTD ∝ t−1 that is multiplied by the fraction of white
dwarfs (for more details see Coˆte´ et al. 2016 and Ritter
et al. 2018). A fraction fBNSM of massive stars are as-
sumed to lead to BNSMs with a DTD ∝ tβ and ejecta
mass mBNSMej . We fix the value of fBNSM = 0.01 and
β = −1 when the effects due to natal kicks discussed
in Sec. 2 are neglected. The effects of natal kicks are
included by replacing fBNSM with fBNSM × η(t), and
β with βeff (t), respectively. The yields of r-process el-
ements in the BNSM ejecta are taken from Arnould
et al. (2007) which corresponds to a mass fraction of
1.04 × 10−3 for Eu in the ejecta. Because varying the
ejecta mass mBNSMej amounts to an overall scaling of the
Eu yield, its value is chosen between 0.01–0.02M that
best fits to the data.
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Figure 2. (a) Star formation rate SFR1 and SFR2. (b)
Evolution of [Eu/Fe] with [Fe/H] for SFR1 and SFR2 for
cases including η and βeff , including only η (β = −1),
and without including any kick effects. (c) Same as (b) but
with η and βeff from Fig. 1(d), calculated using a fixed
scale length of 3 kpc (see text). In all cases mBNSMej = 1.3 ×
10−2 M is used.
The SFR for t ≥ t0 in our calculation is adopted di-
rectly from Minchev et al. (2013) using the surface SFR
at 8 kpc that is multiplied by the area of the ring. It is
known from existing calculations (e.g. Coˆte´ et al. 2019),
that with a constant value of fBNSM, i.e, neglecting the
effect of natal kicks, the curve of [Eu/Fe] has a flat
trend with [Fe/H]. Thus, when fBNSM is replaced by
fBNSM × η, the curve of [Eu/Fe] is expected to follow
the trend of η. Because the downward trend of [Eu/Fe]
starts at [Fe/H]∼ −0.8, we assume that this coincides
with t = t0. For t < t0, a constant value of SFR is
chosen such that [Fe/H] reaches ∼ −0.8 at t = t0. Fig-
ure 2(a) shows the resulting SFR for t0 = 1 Gyr (SFR1)
and t0 = 2 Gyr (SFR2). The initial gas mass is cal-
culated by requiring [Fe/H] to reach 0.2 by the end of
the evolution at t = 13.7 Gyr which gives a value of
10.5 × 109M and 9.4 × 109M for t0 = 1 and 2 Gyr,
respectively.
In figure 2(b), we show the evolution of [Eu/Fe] as
a function of [Fe/H], using both SFRs, for three dif-
ferent cases that illustrate effects due to natal kicks:
(i) completely neglecting the effect of natal kicks i.e,
including neither η(t) nor βeff (t) and using β = −1,
(ii) including only η(t) with β = −1, and (iii) includ-
ing both η(t) and βeff (t). When the effects of natal
kicks are completely ignored, the flat trend of [Eu/Fe]
for [Fe/H]& −1.5 (see the dash-dotted curves) consistent
with the findings of Coˆte´ et al. (2019) is recovered.
In contrast, when only η(t) is included with β = −1
in case (ii), it is clear that the trend of [Eu/Fe] fol-
lows that of η(t) as expected. Specifically, [Eu/Fe]
first increases with [Fe/H] for t ≤ t0 (correspond-
ing to [Fe/H]. −0.8), and then decreases for t > t0
([Fe/H]& −0.8). The slope for the decreasing curve for
[Fe/H]& −0.8, however, is slightly flatter than the ob-
served data. Lastly, when both η(t) and βeff (t) are
included (solid curves) in case (iii), the smaller values
of βeff (t) < −1, i.e, steeper DTD, help to counter the
increasing values of η for [Fe/H]. −0.8 yielding a flat
curve. On the other hand, for t > t0, as the values of
βeff continue to be lower than −1, it helps to steepen the
slope of [Eu/Fe] curve further that is primarily caused
by the decreasing values of η. Overall, this leads to a
very good agreement with the observed trend. We note
that mBNSMej = 1.3 × 10−2M is chosen here to match
the observed data for the case when both η and βeff
are included.
From the above discussion, it is evident that both η
and βeff are important for the evolution of [Eu/Fe]. In
particular, the decreasing trend of η for t > t0 due to
the inside-out formation of the MW disk is crucial in pro-
ducing the decreasing trend in [Eu/Fe] for [Fe/H]& −0.8.
6To reinforce this, we perform additional GCE calcula-
tions using the values of η and βeff with a fixed scale
length of 3 kpc shown in Fig. 1(d), and show the re-
sulting [Eu/Fe] evolution in Fig. 2(c). In this case,
the monotonically increasing η results in an increas-
ing trend of [Eu/Fe] when β = −1 is used. When βeff is
included, it can at best counter the negative impact of
η to yield a flat curve for [Fe/H]& −0.8 similar to cal-
culations that neglect the effect of kick altogether (see
Fig. 2(c)).
4. DISCUSSION AND CONCLUSIONS
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Figure 3. (a) Evolution of η with t0 = 2 Gyr for rings
at different distances from the center. (b) Corresponding
evolution of βeff .
In this paper we studied the effects of natal kicks of
NSBs on the GCE of elements like Eu that are almost en-
tirely produced by the r-process, assuming that BNSMs
are the sole source of r-process with a standard DTD
∝ t−1. We find that natal kicks alter both the effective
DTD and the occurring frequency of BNSMs in the so-
lar neighborhood. In particular, the effect is amplified
when the birth locations of NSBs are sampled according
to a SFR that is consistent with the inside-out formation
of the MW disk.
During the first ∼ 1 Gyr of the disk formation, the
solar vicinity gets a large enhancement in the effec-
tive BNSM frequency from NSBs that originate from
the inner parts of the disk but merge within the so-
lar neighborhood due to kick-induced migration. This
enhancement decreases with time and gives rise to the
decreasing [Eu/Fe] trend for [Fe/H] & −0.8. Addition-
ally, natal kicks also lead to an effective DTD steeper
than ∝ t−1, which further helps steepen the curve for
[Eu/Fe] vs [Fe/H] for [Fe/H] & −0.8 as well as flat-
ten it for [Fe/H]. −1. When these two effects of natal
kicks, namely η and βeff , are combined together with
the inside-out formation of the MW disk, the decreasing
[Eu/Fe] at [Fe/H]& −0.8 can be naturally reproduced
without the need of additional r-process sources or mod-
ifications to the DTD ∝ t−1 for BNSM.
Because the exact evolution of [Eu/Fe] could depend
on the assumed kick velocity distribution or the mini-
mum merger time tminmerge, we also performed additional
calculations taking different values of v0 and t
min
merge to
test the robustness of our conclusion. The correspond-
ing results shown in Appendix A and B clearly show that
the decreasing trend of [Eu/Fe] is not very sensitive to
either parameters and the overall trend that matches the
data well can be similarly reproduced.
Although we adopted a simple one zone closed box
model for the GCE using omega for the solar vicinity,
similar calculations using the same code have shown the
mean trends are captured well when compared to more
sophisticated GCE calculation (Coˆte´ et al. 2019). Nev-
ertheless, detailed calculations for the chemodynamical
evolution of the MW that take into account the migra-
tion of NSBs due to natal kicks are highly desirable.
Such calculations, however, are likely to be computa-
tionally demanding and expensive.
An interesting consequence of natal kicks is that the
evolution of η(R, t) in particular has a strong radial de-
pendence and is thus different for each ring. Figure 3
shows the evolution of η and βeff for t0 = 2 Gyr for differ-
ent rings. As can be seen from the figure, for t > t0, the
slope of η becomes flatter (steeper) for rings closer (far-
ther) to the Galactic center whereas the evolution of βeff
is roughly similar. Thus, the trend of [Eu/Fe] for each
ring will also likely follow the evolution η. However, the
exact trend, including the value of [Fe/H] where [Eu/Fe]
starts to decrease, would depend on the SFR for the ring.
Nevertheless, the downward slope of [Eu/Fe] is expected
to be flatter (steeper) for rings closer (farther) than the
7solar neighborhood. Such prediction, in principle, can
be verified if Eu is measured in sufficient number of stars
over a range of [Fe/H] at other locations of the MW.
Another effect that has already been shown to be im-
portant in explaining the metallicity distribution is the
radial migration of stars in the disk (see e.g. Scho¨nrich &
Binney 2009a,b; Minchev et al. 2013). Such migrations
will also impact the [Eu/Fe] trend for the solar neigh-
borhood. Whereas the impact of stellar migration can
only be calculated with detailed chemodynamical calcu-
lations, it is expected that as some stars from both outer
and inner parts of the disk merge into the solar neigh-
borhood, it would add to the overall scatter around the
mean trend (Tsujimoto & Baba 2019).
Finally, our results show that BNSMs with a DTD
∝ t−1 alone is sufficient to explain both the origin as
well as the evolution of r-process elements in the Galaxy
for [Fe/H]& −2. This however, does not rule out other
sources for r-process, but rather indicate that their con-
tribution is likely subdominant compared to BNSM. We
note however, that this conclusion does not apply to
origin of r-process observed in very metal-poor stars
formed in the early Galaxy where additional sources
could still be required (Wehmeyer et al. 2015).
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APPENDIX
A. DEPENDENCE ON AVERAGE NATAL KICK VELOCITY
The results presented in the main text uses the same distribution for the kick velocity ∝ exp(−v/v0) with v0 =
90 km s−1 with a minimum value of 10 km s−1. We explore the effect of changing the distribution of kick velocity
on the results by repeating our calculations using v0 = 60 km s
−1 and 120 km s−1. The results are qualitatively
similar as can be seen from Fig. 4. The slope of [Eu/Fe] for [Fe/H]& −0.8 is slightly flatter (steeper) for lower (higher)
average kick velocity. The slight change in the slope is caused by slightly higher values of βeff for lower average kick
velocity and vice-versa. On the other hand, for lower average kick velocity, the NSBs migrate slightly less but fewer of
them escape from the potential. The two effects counterbalance each other such that η remains roughly unchanged.
Overall, the results are only weakly sensitive to the average kick velocity, with higher values resulting in even better
fits to the observed data.
B. DEPENDENCE ON MINIMUM BNSM MERGER TIME
We also explore the sensitivity of our results on the choice of tmergemin by repeating our calculations with t
merge
min = 30
Myr. Figure 5 shows the corresponding results that are very similar to the calculations with tmergemin = 10 Myr shown
in Fig. 2. As before, βeff helps to flatten the curve for [Fe/H]. −0.8 by countering the increasing values of η. Above
[Fe/H]∼ −0.8, βeff acts in tandem with the η to produce negative slope for [Eu/Fe] that matches the observed data
very well. Thus, the results are not sensitive to the choice of tmergemin .
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Figure 4. Effect of changing the distribution of vkick. (a) Same as Fig. 1b but with v0 = 60 km s
−1; (b) Same as Fig. 2c
but with v0 = 60 km s
−1; (c) Same as (a) but with v0 = 120 km s−1; (d) Same as (b) but with v0 = 120 km s−1 with
mBNSMej = 1.35× 10−2 M.
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Figure 5. (a) Same as Fig. 1b but with tminmerge = 30 Myr . (b) Same as Fig. 2c but with t
min
merge = 30 Myr.
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